Introduction
============

Counterfeit drugs can impose serious health complications to patients that are administered medicines with incorrect active ingredients or fake formulations.[@cit1]--[@cit5] Genuine drug packaging is often labelled with basic security features such as watermarks, holograms and metal threads, where visual inspection of the marker can be used to verify products. Drugs can also be tracked using more sophisticated technology such as radio frequency identification (RFID).[@cit6],[@cit7] Improvements in computers, scanners and cameras have allowed counterfeiters to duplicate packaging details with great accuracy. Pharmaceutical counterfeiting is more common for products sold through an online marketplace, where it is estimated that 50% of drugs sold are counterfeit.[@cit8]--[@cit10] Counterfeit drugs can enter the legitimate supply and distribution chain at any stage, therefore points of authentication should be implemented at multiple locations. Currently, products are readily validated at both the manufacturer and retailer stage.[@cit11] Items are marked with serial numbers at dispatch and checked systematically for inventory. Consumer, or end-user authentication is less common.[@cit12] Among the large selection of anti-counterfeiting technology currently available, molecular tags such as DNA and peptides present an interesting option.[@cit13]--[@cit16] Their defined sequence acts as a molecular barcode and can be used in trace amounts to label and protect pharmaceuticals. However, these forensic methods are often susceptible to chemical and thermal degradation and must be identified through sequencing and mass spectrometry, which require specialized equipment and are typically not possible for the average consumer. Physical unclonable functions (PUF) or "digital fingerprints" are patterns of physical tags generated in a stochastic process and can be manufactured with chemical systems.[@cit11],[@cit17]--[@cit19] As a result, PUF keys are intrinsically unique and difficult to predict, offering high security and are commonly used in cryptography. PUF keys are safe, but tedious, requiring a high level of expertise to decode, limiting practicality. There is a continuing need for new anti-counterfeiting materials and technologies that are difficult for even experienced counterfeiters to reproduce but are simple enough to be decoded by the general public at the point of sale.

Luminescent materials offer a low-cost and high-throughput solution for advanced anti-counterfeiting.[@cit11],[@cit20] Fluorescent security inks can be used to conceal information under ambient lighting, where exposure to UV light results in photoluminescence (PL), which can be detected optically. Additionally, fluorescence can be read and decoded using the CCD camera of a smartphone which reduces the need for expensive and complex instruments for validation. A variety of inorganic complexes and nanomaterials have been studied for this application. For example, lanthanide complexes are recognized for their strong, narrow emission bands, pure colors and are currently used for banknote security.[@cit21]--[@cit25] Quantum and carbon dots and other nanomaterials such as perovskite nanocrystals and metal--organic frameworks (MOFs) have also been utilized due to their unique emission characteristics such as upconversion, temperature-dependent and triple-mode emission.[@cit26]--[@cit35]

Typical covert designs employ small molecules that emit a single color, and in rare cases show dual-color emission.[@cit36]--[@cit43] A significant disadvantage, however, to implementing fluorescent response as an anti-counterfeiting tool is their predictable output, which can be imitated by fluorescent molecules having similar emission characteristics. Stimuli-responsive conjugated molecular and polymeric systems have been put forward as options for the next-generation of security printing.[@cit44]--[@cit52] Functional materials that respond to external stimuli such as light, heat or pressure are ideal candidates for protecting information and products because they offer an added level of complexity in security features as this behavior is more difficult to reproduce.[@cit53],[@cit54]

We propose a new conceptual approach to luminescent security inks that are difficult to replicate, using a mixture of organic-based light responsive dyes which upon activation reveal a unique fluorescent color with specific Commission international de l\'éclairage (CIE) coordinates. Compared to traditional authentication technology where information is stored in a marker such as a barcode, in this case information concerning the authenticity of an item is found in the resulting color, quantified by its CIE coordinates. The spectral response or emission color, upon activation, is dependent on the ratio of the compounds used initially and can vary depending on several external factors such as the irradiation wavelength of the activation source and duration of exposure. The compounds incorporate a second security feature in which the temporal evolution of the emission color during the activation process may be monitored visually. This can impart dual functionality, where the resulting fluorescence color and specific trajectory of color evolution is novel to this system. This dynamic feature utilizing photochemistry for security inks could be difficult to replicate, making this an attractive system for protecting high-value products.

This concept of temporal fluorescence evolution is based on photochemical behavior found in sulfur-bridged dianthracenes that is dependent on the oxidation state of the sulfur bridge.[@cit55],[@cit56] The weakly emissive 9,9′-dianthryl sulfoxide (**1a**) eliminates the SO bridge upon photoirradiation to form the strongly blue emissive molecule 9,9′-bianthracene (**1b**) ([Fig. 1](#fig1){ref-type="fig"}) either in solution, or in polymer host matrices with glass transition temperatures (*T*~g~) below room temperature, such as poly(butylmethacrylate).[@cit57] The photochemical conversion of **1a** to **1b** can be modulated through UV exposure. As the overall emission intensity (*i.e.* a mixture containing **1a** and **1b**) can be controlled by length of irradiation time, inks containing **1a** can be used to create photopatterned fluorescent images.[@cit57] We previously used this photochemical phenomenon to generate variable intensity security features. By doing so, we incorporated a third dimension into 2D barcodes, where the positional information can vary in intensity increasing the complexity of this straightforward technology. Lastly, we showed that fluorescence intensity can be extracted using a CCD detector found on a smartphone. Given the simplicity of this system, we have now expanded the scope of dyes to achieve full-color fluorescence. Red-green-blue (RGB) emission is required for reproduction of secondary colors within the gamut of the three primary colors.[@cit58]

![Chemical structures of dianthryl sulfoxides **1a**, **2a** and **3a**, which can be converted to the respective bianthracenes **1b**, **2b**, **3b** through light irradiation.](c9sc03948a-f1){#fig1}

To vary the emission color of bianthracene derivatives resulting from the photochemical extrusion of SO, we prepared two new chromophores, **2a** and **3a**, based on the sulfoxide-bridged dianthracene core used in **1a** ([Fig. 1](#fig1){ref-type="fig"}). Based on reported bianthracenes known to have green and red emission, substitution at the 10,10′-positions of the dianthracene core with triarylamine and phenothiazine groups afford the desired green and red-emissive photoproducts (**2b** and **3b**) upon elimination of the SO bridge when irradiated with light. The photochemical conversion kinetics for each dimer are dependent on the irradiation wavelength used for activation. Furthermore, we demonstrate the ability to modulate the chromaticity coordinates (*x*, *y*) of thin films containing varying compositions with different mixing ratios of dianthryl sulfoxides, based on the duration of light exposure demonstrating the temporal evolution of the emission color of this mixture. Lastly, we show that CIE coordinates can be extracted using an inexpensive, commercially available smartphone application (app) and compared against a known value to confirm the validity of the method. Utilizing the photochemistry of dianthryl sulfoxides is a simple yet effective strategy for the fabrication of security features which can be used for advanced anti-counterfeiting.

Experimental
============

General experimental considerations and synthetic details are described in the ESI.[†](#fn1){ref-type="fn"}

Results and discussion
======================

The emission color of the photoproduct is tunable based on functionalization of its bianthracene core. Triarylamine and phenothiazine are two common building blocks frequently used in the synthesis of organic luminescent materials. They were chosen to shift the emission spectrum of bianthracene into the green and red region based on reports by Schmittel[@cit59] and Lu,[@cit60] respectively. The general reaction scheme for the synthesis of substituted dianthryl sulfoxides is presented in the ESI (Scheme S1[†](#fn1){ref-type="fn"}). 9,10′-Dibromoanthracene was asymmetrically coupled to triarylamine **6***via* Suzuki cross-coupling to afford **7** in 75% yield. Likewise, vinyl-substituted phenothiazine **10** was installed *via* Heck cross-coupling to give a 54% yield of **11**. Dimerization of the anthracene moieties **7** and **11** was achieved using two equivalents of the respective 9-anthryllithium and one equivalent of dimethyl sulfite as the electrophilic sulfoxide source to generate the desired sulfoxide-bridged species, **2a** and **3a**, in fair to good yields. The final products were purified by column chromatography in the dark with minimal light exposure and characterized using ^1^H, ^13^C{^1^H} NMR and IR spectroscopies, and high-resolution mass spectrometry (HR-MS). This methodology can be extended to other derivatives where donors can be easily incorporated synthetically by coupling reactions, followed by subsequent dimerization with dimethyl sulfite affords a direct one-step route to new substituted dianthryl sulfoxides.

The photochemistry of **2a** and **3a** was probed by irradiating solutions of each dimer with 365 nm and 400 nm light in CDCl~3~ and C~6~D~6~, respectively, for approximately 30 min. The reactivity of **2a** and **3a** was monitored using ^1^H NMR spectroscopy (Fig. S13[†](#fn1){ref-type="fn"}). The ^1^H NMR spectra show the formation of new photoproducts, **2b** and **3b**. The photoproducts were confirmed as the corresponding bianthracene compounds **2b** and **3b** based on comparison with the spectra of closely related molecules and HR-MS data.[@cit59],[@cit60]

The elimination of the SO bridge from **2a** and **3a** was also monitored by UV-vis and PL spectroscopies. The changes in UV-vis absorption for **2a** and **3a** in dilute CH~2~Cl~2~ solutions (4 × 10^--6^ M) is shown in [Fig. 2](#fig2){ref-type="fig"}. Initially, compounds **2a** and **3a** both exhibit broad, long wavelength absorption bands from 350--500 nm in CH~2~Cl~2~. Neither compound exhibits the characteristic long-wavelength structured bands that are attributed to π → π\* transitions of the anthracene core.[@cit61] Introduction of the extended conjugation from triarylamine and phenothiazine donors results in a red-shift in absorption maximum in the visible region relative to the unsubstituted compound. After irradiation with 365 nm light, an increase in vibrational structure is observed in the absorption spectrum of **2a** with an isosbestic point at 416 nm, consistent with the results observed in the formation of **1b** from **1a**.[@cit55] Compound **3a** shows a blue-shift and small increase in intensity after irradiation, and **3b** possesses a broad band centered at 419 nm in agreement with the spectra of reported derivatives.[@cit60]

![Changes in UV-vis absorption spectra for (a) **2a** and (b) **3a** when irradiated with 365 nm light in CH~2~Cl~2~. Changes in PL spectra for (c) **2a** and (d) **3a** when irradiated in CH~2~Cl~2~ (excitation wavelength = 365 nm). Irradiation was carried out in 10 to 30 s intervals for **2a** and 1 min intervals for **3a** until no further changes in the absorption spectrum were observed. Concentration = 4 × 10^--6^ M.](c9sc03948a-f2){#fig2}

Upon excitation with 365 nm light, both **2a** and **3a** initially show orange emission centered at 619 and 612 nm with PL quantum yields (*Φ*~PL~) of 0.54 and 0.12, respectively ([Fig. 2](#fig2){ref-type="fig"}). Other triarylamine chromophores also show high PL quantum yields, similar to **2a**; chromophores that incorporate triarylamine-based motifs are commonly used in light-emitting applications for this reason.[@cit62] A change in PL intensity is observed when compounds **2a** and **3a** are irradiated with 365 nm light and the corresponding bianthracene photoproduct forms. A blue-shift of 91 nm in the emission maximum for **2a** can be observed with a significant increase in emission intensity as **2b** is formed. A red-shift of 21 nm is observed when **3a** is converted to **3b**. The photoproducts, **2b** and **3b** show green and red emission (528 and 631 nm, respectively) and are more emissive (*Φ*~PL~ = 0.99 and *Φ*~PL~ = 0.58, respectively) than **2a** and **3a**. The photophysical data are summarized in Table S1.[†](#fn1){ref-type="fn"}

Due to the unique absorption characteristics of the individual dianthryl sulfoxides, we investigated the capability of our system to undergo photoconversion by wavelength-specific irradiation. Light emitting diodes (LEDs) with peak wavelength outputs of 405, 470 and 500 nm were used to irradiate dilute solution samples of **1a**, **2a**, and **3a** (∼3 to 6 × 10^--6^ M) in CH~2~Cl~2~, while changes in absorption at specific wavelengths were measured (Fig. S15[†](#fn1){ref-type="fn"}). The percent conversion of **1a**, **2a**, and **3a** to bianthracene photoproduct after 60 s of irradiation was calculated (Table S3[†](#fn1){ref-type="fn"}). Although the absorption of all chromophores overlap in the UV region, **1a** does not absorb at wavelengths longer than 450 nm and the lower energy absorption characteristics for **2a** and **3a** provide an opportunity to use irradiation wavelengths greater than 450 nm for selective conversion of two out of the three chromophores. Irradiation of compounds **1a** and **2a** with 405 nm light results in complete conversion to their respective bianthracene photoproducts in less than 30 s ([Fig. 3](#fig3){ref-type="fig"}). Conversion kinetics for **2a** are faster than **1a** as observed by the steeper initial rate. When a 470 nm LED is used for irradiation experiments of the same duration, **2a** reaches full conversion whereas irradiation of **1a** results in minimal conversion (\<5%). In the same period of time, **3a** did not reach full conversion when irradiated with the same wavelengths (405 and 470 nm) indicating a comparatively slower photoreaction rate than for **1a** and **2a**. Using lower energy light (500 nm) to initiate photoconversion results in no conversion in the case of **1a** and some conversion for **2a** (42%) and **3a** (18%) after 60 s. This data demonstrates the possibility to preferentially control the photoconversion of different sulfoxide species to the bianthracene photoproduct and tune its conversion kinetics using specific irradiation wavelengths. This approach presents a new method for full-color tuning as the final emission color of a specific mixture of the three emitters depends on the duration of UV exposure and the irradiation wavelength.

![(a) UV-vis absorption spectra of **1a**, **2a**, **3a** in CH~2~Cl~2~ with the irradiation wavelengths (\*) highlighted. (b--d) Kinetic data for the formation of bianthracene photoproducts from individual dianthryl sulfoxides (a → b) by irradiation with LEDs as determined by UV-vis absorption spectroscopy. Different rates of conversion can be observed using selective irradiation wavelengths.](c9sc03948a-f3){#fig3}

The photostabilities of **1a**, **2a** and **3a** were tested under ambient lighting conditions. The photoconversion was monitored using UV-vis spectroscopy. The initial spectrum of solutions at *t* = 0 min was recorded with minimal exposure to light. The samples were exposed to ambient light and spectra were recorded until no further change in absorbance was observed. Compound **2a** converts to its respective bianthracene photoproduct quickly (20 min) compared to **1a** and **3a** which remains relatively photostable, taking over 300 min to fully convert into the photoproduct. The stability of **1a** under ambient lighting conditions is the result of its absorption of higher-energy wavelength light. In contrast, **3a** retains a longer photoconversion time than **2a** under ambient lighting conditions. Although the compounds are sensitive to light, the conversion process is slow enough to make handling them in low light conditions possible.

Compounds **1b**, **2b** and **3b** can also be characterized by their chromaticity coordinates, which graphically plots color from spectral measurements onto the CIE xyY color space ([Fig. 4](#fig4){ref-type="fig"}).[@cit58] This is widely used for describing chromaticity as numerical values. Since the production of bianthracene photoproduct can be controlled by measured exposure of light, the fluorescence intensity of a given mixture can be manipulated by light. For potential applications as an authentication tool, photochemistry is used as the method of verification. We propose that a "patch" consisting of a combination of the three dyes could be irradiated for a specific length of time to reveal particular CIE coordinates. In this approach, the CIE coordinates would be provided separately to the recipient to verify authenticity *via* a match against a known color. Additional security can be achieved if the trajectory of the color is also monitored during irradiation and compared against a time-lapse card illustrating the expected color change. We expect that this protocol will significantly increase the difficulty of counterfeiting these dynamic photopatterns, making them an attractive option as an authentication tool.

![(a) Normalized solid-state PL spectrum of a thin film prepared with dianthryl sulfoxides doped into PMMA (total concentration = 1 wt%) showing the change in PL intensity with irradiated with 400 nm light after 8 s. (b--d) CIE 1931 chromaticity diagrams showing the change in coordinates of different thin films composed of varying formulations and using different light sources for activation. The magnitude of change is in good agreement between separate trials as shown in (b).](c9sc03948a-f4){#fig4}

Chromaticity coordinates can be calculated from emission spectra.[@cit58] Fluorescent "inks" were prepared by doping the chromophores into a poly(methylmethacrylate) (PMMA) host to achieve a total concentration of 1% (w/w) and spin coated onto glass substrates to make thin-films. The change in absorbance and fluorescence behavior of the dyes in the polymer host is similar to that in solution (Fig. S16[†](#fn1){ref-type="fn"}), suggesting that the photoconversion kinetics of the dyes in the solid-state mirrors the solution-state behavior. In a formulation containing the three compounds present in equal amounts (1 : 1 : 1 by weight), the resulting solid-state emission spectrum shows distinctive emission bands that correspond to the pure compounds demonstrating the potential to prepare full color emissive films ([Fig. 4a](#fig4){ref-type="fig"}). The change in chromaticity was monitored as a function of irradiation time. The thin-film was exposed to 400 nm light in 2 s intervals where the photoconversion of all chromophores present occurs and the resulting chromaticity was measured. The blue component at ∼420 nm from **1a** in the corresponding solid-state emission spectrum increases to the greatest extent after 8 s of 400 nm UV exposure. Consequently, the chromaticity coordinates are initially in the orange region (0.37, 0.46) and move towards the blue region (0.27, 0.30) after 8 s of UV exposure (Table S4[†](#fn1){ref-type="fn"}). Using one specific mixture of the chromophores, five different chromaticity coordinates were accessed from one mixing ratio, depending on the length of UV irradiation. This temporal evolution of fluorescence color is demonstrated in Fig. S20 and Video S1.[†](#fn1){ref-type="fn"} The ink was drop cast using a pipette as a thin layer on a piece of filter paper. Under 365 nm light from a hand lamp, the fluorescence is initially pale orange, but with longer irradiation times turns first off-white and then sky-blue after 3 minutes. This trajectory monitored visually follows the same path as the data in the CIE color space.

For potential applications in anti-counterfeiting, it is important the change in chromaticity be reproducible. Variability in the photoirradiation environment will influence the rate at which the trajectory will change, consequently changing the exact position of the coordinates at specific time intervals. Factors such as distance from and intensity of the irradiation source used for activation, location of the detector and the surrounding ambient lighting conditions should be considered. However, if the final chromaticity coordinate of the trajectory from a specific mixture is consistent, then this methodology will be useful for this application. To demonstrate the reproducibility of the trajectory, irradiation of two thin-films prepared from the same ink mixture with 400 nm light resulted in a reproducible trajectory, where the initial (*t* = 0 s) and final (*t* = 8 s) chromaticity coordinates between different trials were in excellent agreement (Fig. S19[†](#fn1){ref-type="fn"}). The initial chromaticity coordinate is determined by the composition of the mixture. It can be challenging to precisely reproduce a mixing ratio by hand, however this problem can be resolved using automation. It is noteworthy that the change in chromaticity, defined as the magnitude of the vector from the initial to the final chromaticity coordinate, is consistent, regardless of the initial position of the chromaticity coordinate (Table S4[†](#fn1){ref-type="fn"}). For mixture 1 ([Fig. 4b](#fig4){ref-type="fig"}), the change in chromaticity between initial and final coordinates is 0.13 for both trial 1 and trial 2. This is the result of complete conversion of the mixture, regardless of the starting chromaticity position. Thin films were also irradiated with commercial light sources such as a smartphone light (iPhone 7) and UV flashlight with a peak wavelength output of 395 nm (Vansky). Using a mixture containing the compounds in a 1 : 1 : 1 ratio (by weight), the change in chromaticity was monitored. The thin-films were irradiated for 4 minutes using the smartphone light and for 2.5 minutes using the UV flashlight, until no further change in PL intensity was measured. The changes in chromaticity were calculated to both be 0.05 using the two common light sources, which were capable of converting all three chromophores simultaneously.

The direction of the trajectory will be influenced by the relative contribution of each compound in the mixture, which is controlled by the initial mixing ratio. Different blends of varying ratios of **1a**, **2a** and **3a** were formulated and doped into a PMMA host matrix to verify the versatility of the method ([Fig. 4d](#fig4){ref-type="fig"}). Two different formulations containing **2a** and **3a** (red and green) were mixed in 2 : 1 and 1 : 2 ratios. The initial chromaticity coordinates differ due to their composition (0.40, 0.48 for the 2 : 1 mixing ratio *versus* 0.33, 0.49 for the 1 : 2 mixing ratio). Upon irradiation, the trajectory moves towards the green region of the color gamut and the magnitude of change (0.03 *versus* 0.02, respectively) differs despite the same chromophores being present. A composition containing **1a** and **3a** (red and blue) was also mixed in a 1 : 1 ratio and the change in chromaticity was monitored, where the trajectory was shown to move towards the blue region. Depending on the composition of the mixture, the shift in chromaticity moves towards the color of the compound that is converted to the photoproduct the fastest.

To demonstrate the performance of **1a**, **2a** and **3a** for potential applications in anti-counterfeiting, fluorescent inks for paper substrates were mixed by doping the chromophores in equal contributions (1 : 1 : 1 by weight) into PMMA at a total concentration of 10% (w/w). An inexpensive, publicly available smartphone app called "Colorimeter"[@cit63] was used to measure color without a fluorimeter ([Fig. 5](#fig5){ref-type="fig"}). The app uses one-touch operation and is capable of taking measurements instantaneously and repetitively, provides common color parameters such as CIELAB, chroma, hue, RGB and assigns color names. In this case, we chose to report color numerically as CIELAB coordinates, as this model gives values that are device-independent. This color space is typically used for applications that include color specification or difference evaluation.[@cit64] Both CIELAB and CIE xyY models are derived from the same master CIE 1931 XYZ color space. Using this app, a match card was prepared as an end-user guide to illustrate the expected time-lapse of the color evolution. The app was used to capture the change in fluorescence color at different time intervals as the ink was activated by UV irradiation until no further change in color was captured. We report the final color of this ink mixture after approximately 1 minute of irradiation as the "true color" containing the CIELAB coordinates: *L*\* = 86.1, *a*\* = --34.8, *b*\* = 10.2, measured by the "Colorimeter" app. Two patches were prepared where patch 1 was created using an incorrect formulation (RGB ratio = 2 : 1 : 3) and patch 2 was created using the correct formulation (RGB ratio = 1 : 1 : 1). The app measured the initial fluorescence color, an orange-brown, which appears qualitatively similar in both ink formulations but upon activation reveals two different colors, "powder blue" *versus* "aqua marine" as the result of different ink compositions. The app can readily distinguish between the two hues of blue/green. Color difference can be defined as the numerical comparison of the patches color to the standard or "true color". The difference in absolute color coordinates is referred to as ![](c9sc03948a-t1.jpg){#ugt1} and is given by eqn (1):[@cit64]where ![](c9sc03948a-t3.jpg){#ugt3}, ![](c9sc03948a-t4.jpg){#ugt4}, ![](c9sc03948a-t5.jpg){#ugt5} are the measured values from the patches and ![](c9sc03948a-t6.jpg){#ugt6}, ![](c9sc03948a-t7.jpg){#ugt7}, ![](c9sc03948a-t8.jpg){#ugt8} are the measured values of the true color. Using eqn (1) the total color difference calculated between the true color and patch 1 is 24.2 while for patch 2 the total color difference is 2.9. This difference can be evaluated against a predetermined color tolerance to determine the authenticity of a product. Color differences ![](c9sc03948a-t9.jpg){#ugt9} are considered perceptible, thus values that are greater than this tolerance level can be considered to be incorrect. This calculation provides a simple pass/fail formula, an efficient way for end-users to quickly verify authenticity of items at the point-of-sale.

![(a) Schematic illustration of how a patch fabricated with dianthryl sulfoxides can be used to authenticate a product. An unconverted patch on a product can be irradiated or activated using UV light. Using a smartphone equipped with a commercial application, the color can be read and compared to a known, true value found on a match card (b) provided to an end-user. (c) Photographs of the true (right) and false (left) patch as viewed through the software interface of the smartphone application. CIELAB coordinates can be measured using this application and the color difference can be calculated and compared to the true color found on the match card to determine the authenticity.](c9sc03948a-f5){#fig5}

Conclusions
===========

In summary, we report a new approach using photochemistry based on multicolored dianthryl sulfoxides to develop applications in luminescent security printing. The emission color of the photoproduct is tuned by incorporating substituents on the dianthracene core, allowing formation of red, green, and blue fluorophores upon irradiation. The photoconversion of dianthryl sulfoxide to the corresponding bianthracene photoproduct can be modulated by both substitution at the 10,10′-positions, and by using different wavelengths of light for activation. Security features consisting of a mixture of the three compounds allows verification through the final CIE coordinates obtained on irradiation. In addition, a novel feature of this system is the ability to monitor the trajectory of the CIE coordinates as a function of time. Control of the excitation wavelength and/or length of light exposure allow different colors and trajectories to be obtained, adding a dynamic level of security that may be challenging to replicate. The photochemistry of the dianthryl sulfoxides offers increased complexity for potential applications in anti-counterfeiting due to the different number of parameters that can be manipulated, yet can be easily applied for end-user authentication as the activation can be performed with common light sources and the fluorescence color can be detected using a smartphone.
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